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We study theoretically a new possibility of unipolar pulses generation in Raman-active medium
excited by a series of few-cycle optical pulses. We consider the case when the Raman-active parti-
cles are uniformly distributed along the circle, and demonstrate a possibility to obtain a unipolar
rectangular video pulses with an arbitrarily long duration, ranging from a minimum value equal to
the natural period of the low frequency vibrations in the Raman-active medium.
I. INTRODUCTION
Generation of the extremely-short optical pulses of the
single and half optical cycle duration is an area of prin-
cipal interest in modern optics because of the rapidly
growing fields of their applications [1–7]. For example,
they can be used to study the dynamics of the individual
motion of electrons in atoms and molecules, high reso-
lution control of ultrafast processes in matter, nonlinear
optics and medicine. Such extremely-short optical pulses
contain broad-band spectrum up to zero frequencies. In
contrast to conventional optical pulses which are bipo-
lar, that is,
+∞∫
−∞
E(t)dt = 0, the half-cycle pulses can
contain a DC component of the electric field, that is,
+∞∫
−∞
E(t)dt 6= 0, and often referred to as unipolar pulses.
Possession of this characteristic property makes unipolar
pulses ideally suited for the control of charges dynamics
in matter. Half-cycle pulses have been obtained exper-
imentally in terahertz range [8–10] and have been used
for the ionization and to produce novel dynamic states
in Rydberg atoms [9, 11–13]. Unipolar half-cycle pulses
can be produced experimentally when irradiating a dou-
ble foil target with intense few-cycle laser pulses [14].
Possibility of unipolar pulse generation was studied
theoretically by different authors. Such pulses can be ob-
tained for instance when an initially bipolar ultra-short
pulse propagates in a nonlinear resonant medium [15–
22], or, alternatively, in Raman-active medium (RAM)
in the regime of self-induced transparency [23, 24]. In
recent years, interest to sources of such unipolar pulses
has been closely related to the study of new ways of gen-
eration of high power attosecond pulses [25–27].
Interaction of electromagnetic waves with ensembles
of nanoparticles have attracted considerable research in-
terest over the last years. Recent progress in the devel-
opment of the plasmonic nanoparticles fabrication tech-
niques [28, 29] led to the emergence of their various appli-
cations as optical waveguides [30, 31], surface enhanced
Raman scattering processes [32, 33], high quality optical
resonators [34–36], antennas and detectors [37] etc. The
various types of particles arrangements - linear [38–42]
and circular [35, 36, 43–46] have been studied for these
purposes. Among others, circular arrays of nanoparticles
have attracted great attention for a number of reasons. In
particular, circular arrays of microsize particles can pos-
sess bound whispering gallery modes having an extremely
high quality factor [36, 37]. A circular arrays of oscilla-
tors may exhibit a resonant dipole collective response and
thus serve as electric and magnetic resonators at optical
frequencies [34]. Ring-shaped geometry of nanoparticles
array was also found to be the optimal for engineering the
highly radiative modes with suppressed radiative losses
[35].
In a prior paper [47], we have predicted theoretically
a novel possibility of unipolar pulse generation in the
case when a linear string of Raman-active particles is ex-
cited by a train of few-cycle optical pulses propagating
along the medium at the velocity faster than the velocity
of light in vacuum c. Such superluminal excitation oc-
curs when an optical pulse is incident on a flat screen at
some angle β. In this case, cross-section point of pulse
and medium propagates along the medium at the velocity
V = c/ sinβ > c [48, 49]. Similar situation of superlumi-
nal excitation of a resonant medium composed of classical
harmonic oscillators was studied in [42, 43]. However, the
method proposed in [47] seems to have a number of lim-
itations. First of all, pulse duration is strongly limited
by the finite length of linear string. Next, increasing the
pulse duration leads to a significant decrease of the pulse
amplitude.
In this paper, we consider an array of Raman-active
2particles which has circular or helix form, in contrast to a
linear geometry considered before. We demonstrate, that
such geometry also allows generation of unipolar pulses.
We show also, that it provides a number of significant
advantages over the linear one. Primarily, the circular
geometry allows to achieve an arbitrary pulse duration,
in contrast to the linear case. Besides, the amplitude of
the long unipolar pulses can be significantly increased. In
general, circular geometry allows more efficient control of
the pulse duration, amplitude and shape.
II. PHYSICAL CONSIDERATION AND
THEORETICAL MODEL
Let us consider the physical picture of unipolar pulse
generation in RAM [47]. This method is similar to
well-known method of optical control over elementary
molecular motion with sequences of femtosecond pulses
[50, 51]. Two few-cycle pulses separated by the time in-
terval Tp = T0/2 equal to half-period (or odd number of
half-periods) T0/2 of natural vibrations of low frequency
oscillator in RAM are launched in RAM. In this case,
the first pulse causes the motion of the low frequency
oscillator and second pulse can stop this motion.
The interaction of ultra-short pulse with RAM can be
described in terms of classical theory by using a model
of nonlinearly bonded oscillators: high frequency os-
cillator (HFO), for example electron in molecule, and
low frequency oscillator (LFO), for example, nucleus in
molecule [52]. Let us denote the normal vibration coor-
dinate of LFO as y and the normal vibration coordinate
of HFO as x. The potential energy of this system can be
written as [52]
U(x, y) =
1
2
αx2 +
1
2
βy2 +
1
2
γx2y, (1)
where α and β denote elastic constants of intramolec-
ular bonds, term γ describes the non-linear interaction
between HFO and LFO. In accordance with Eq. (1), the
equations describing the interaction of LFO and HFO
with the electric field of the pump pulse take the form
[52]:
x¨+ Γex˙+Ω
2
0x =
e
m
E −
γ
m
xy, (2)
y¨ + Γny˙ + ω
2
0y = −
γ
2M
x2. (3)
Here, M and m are reduced masses of the LFO and
HFO, E denotes the electric field, Γe and Γn are the
damping rates of HFO and LFO respectively, ω0 =
2pi/T0 =
√
β
M
is the resonance frequency of LFO, Ω0 =
2pi/T =
√
α
m
is the natural frequency of HFO. It is seen
from (3) that LFO displacement y is proportional to
x2 and hence proportional to E2(t). As a result, the
spectrum of the generated field can contain the constant
component.
Let us assume, that the medium is excited by two
Gaussian pulses
Ep = E0 exp
[
−t2/τ2
]
sinωt
+E0 exp
[
− (t− Tp)
2
/τ2
]
sinω(t− Tp), (4)
separated by the time interval Tp = T0/2. Here, E0 is
pulse amplitude, ω is the pulse carrier frequency, τ is
pulse duration. To effectively excite LFO oscillator we
suppose ω ≫ ω0 and ω0τ ≪ 1. The results of the numer-
ical integration of the set of the equations (2)-(3) with
the electric field (4) are illustrated in Fig. 1. It is seen
that the first pulse initiates the motion of LOF and the
second pulse stops it, see Fig. 1b. Thus polarization of
LFO has the shape of a half-sine wave with the duration
T0/2, that does not change its sign (see Fig. 1b). Elec-
tric field radiated by RAM far away from the medium
is proportional to the second derivative of the polariza-
tion (charge acceleration), which is plotted in Fig. 1c.
It is seen that this acceleration contains high frequency
oscillations at the moments of the start and stop of the
HFO motion, and has the shape of half wave between
them. For the obtained pulse to be unipolar the only
central half-sine wave should be kept, while the high fre-
quency components distorting the pulse shape should be
someways suppressed. These high frequency oscillations
can be cut off by spectral filter and we neglect them in
further consideration. The media which can support Ra-
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FIG. 1. Time dependence of |Ep/E0|
2 of the excitation few-
cycle pulses (a), LFO displacement y(t) (b), and LFO acceler-
ation y¨(t) (c). Parameters: Ω0 = 10
15 rad/s, ω0 = 10
13 rad/s
(T0 = 2pi/ω0 = 0.628ps), e = −4.8·10
−10 ESU,m = 9.1·10−28
g (electron mass), m = 1.6 · 10−24 g (proton mass), γ = 1000,
ω = 0.5Ω0 (T = 2pi/ω), τ = 5T , Tp = T0/2, E0 = 10
5 ESU,
Γe = Γn = 0.
man term can be very different in their nature, including
3molecular gases [53], solids [54] or semiconductors [55–
57].
Thus we approximate the half-wave of polarization in
Fig. 1b by sine function, and the expression for the po-
larization of the medium is proportional to [52]:
P (t) ∼
Np−1∑
k=0
e−γt
′
sin [ω0t
′] Θ [t′] . (5)
Here t′ = t − kTp, Θ(t
′) is Heaviside step function, γ is
the damping rate of oscillator, Tp is the pulse repetition
period, Np is the number of pulses.
III. CIRCULAR STRING OF RAMAN-ACTIVE
PARTICLES
Figure 2 shows the RAM, located on the string in a
form of a circle of radius R. The linear density of oscil-
lators is assumed to be constant. Over the round-trip,
two spots of light 1 and 2 of extremely-short pulses are
moving at a constant velocity V and excite the Raman-
active particles. Note that the speed of excitation spot
on the circle can be greater than the speed of light in vac-
uum c, see reviews [48, 49]. To realize such motion along
the circles one can suggest to use laser beam scanners
(laser beam deflectors), i.e. the devices which are used
to deflect the laser beam [58, 59]. Note that any points
located on the Oz axis (perpendicular to the circle plane)
are equally distant from the points of the RAM.
FIG. 2. Circular string of RAM (blue circle) is excited by two
extremely-short light pulses 1 and 2 (red circles) propagating
with velocity V along the circle. The angular distance be-
tween spots is ∆ϕ. Radiation from the medium is observed
in a point on z axis far away from the circle, the distance
between the circle and the point of observation is r.
The electric field generated by the dipoles after a short
and rapid rise will remain constant. Therefore, the rect-
angular unipolar pulse with a duration equal to the dura-
tion of excitation will be formed at the observation point.
We assume that the angular distance between the excita-
tion regions 1 and 2 is ∆ϕ = V T0/2R, which provides ex-
citation of one half-cycle of oscillation of RAM. It is also
assumed, that the oscillator damping can be neglected.
Electric field on z axis at a large distance from the circle
is proportional to the oscillator acceleration, i.e. sec-
ond time derivative of the dipole displacement plotted
in Fig. 1c. This acceleration contains a high frequency
component arising at the moments of start and stop of
the dipole vibrations as well as the “half-wave” part of
low frequency oscillation in RAM, ω0 = 2pi/T0. Assum-
ing the high-frequency components to be filtered out, we
get the emitted electric field in the form of the half-sine
pulse. Therefore, the total electric field on z axis is given
as:
E(t) = E0
1∑
k=0
2piN∫
0
sin
[
ω0fϕ
]
Θ
[
fϕ
]
dϕ. (6)
Here fϕ ≡ t−
Rϕ
V
− r
c
− (k−1)Tp, N - total number of ro-
tations of excitation points over the circle, Tp = R∆ϕ/V
- time interval between exciting pulses, r/c light propa-
gation time from the circle to the observer, V velocity
of excitation, E0 is some constant.
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FIG. 3. Results of the numerical solution of the integral (6)
for ω0R
c
= 2 and (a) N = 1 and different values of the velocity
of excitations V ; (b) N = 10 and V/c = 0.5.
The results of calculation of Eq. (6) are shown in Fig. 3
for different values of V/c and N = 1 (a) and total num-
ber of rotations N = 10 if V/c = 0.5 (b). As can be
seen from the Fig. 3a, the system produces a rectangu-
lar unipolar pulse whose duration is equal to the entire
duration of the excitation process. This is because the el-
ementary excitations (half-waves) coming from different
parts of the circle at different times are summed. Pulse
duration can be thus easily controlled by the total num-
ber of rotations of excitation pulses over the string. The
4pulse amplitude is given by (see (14) in Appendix)
A =
2E0V
ω0R
. (7)
It can be seen from Fig. 3a that the unipolar pulse du-
ration increases with the increase of ∆ϕ, i.e. with the
increase of excitation velocity V . Increasing the number
of rotations N leads to an increase of the pulse duration
whereas the amplitude remains the same, which is illus-
trated in Fig. 3b for N = 10. This effect can not be
achieved with the previously studied linear arrangement
of particles [47], since the pulse amplitude and duration
vary inversely.
When ∆ϕ = 2pi, an excitation of RAM by a single
spot of light takes place. In this case, to satisfy the con-
dition of half-wave excitation the velocity of excitation
should be significantly larger. To realize this rapid rota-
tion ultrafast laser beam deflectors can be used. This in
principle makes some limitations on the method proposed
in this section. Hence, it is easier to use two excitation
spots instead of one.
IV. RAMAN ACTIVE PARTICLES ARE
DISTRIBUTED ALONG THE CYLINDRICAL
HELIX
The rectangular unipolar pulses will also arise if one ar-
ranges the delay in the emitted field arrival to the obser-
vation point in such a way that this delay varies linearly
with increasing of the polar angle ϕ on the roundtrip.
Such delay will take place if we cut the circle at some
point and convert it to one turn of a cylindrical helix
(see Fig. 4). It is interesting to note that helicoidal struc-
tures are widely spread in natural systems, ranging from
DNA, RNA and other molecules to sea shells and even
spiral galaxies [60].
We take the observation point far enough from the
helix, i.e. the distance to the helix starting point r ≫
R, δ, or, alternatively, in the focal plane of the focusing
lens, orthogonal to the Oz axis and spaced at the distance
r. Oscillators are still excited by two extremely-short
light pulses propagating with velocity V along the helix
with the T0/2 delay. The equation of such cylindrical
helix has the form
x = R cosϕ, y = R sinϕ, z = δϕ/2pi, (8)
here δ is the helix pitch distance, see Fig. 4.
Unipolar pulse duration in this case will be governed
not only by the excitation velocity V , but also by the he-
lix pitch distance δ. Indeed, the effective contribution for
an arbitrary oscillator in the spiral to the resulting emis-
sion will be determined by both its emission onset delay
due to exciting velocity V being finite and by its distance
from the observation point with respect to other oscilla-
tors, as this distance varies along the helix in contrast to
the previously studied circular configuration. Depending
on the direction of helix traversal by the exciting pulses -
FIG. 4. Raman-active particles are distributed along the
cylindrical helix of the pitch distance δ and excited by two
extremely-short light pulses 1 and 2 (red circles) propagating
with velocity V along the helix. The angular distance be-
tween spots is ∆ϕ. The medium radiation is observed in a
point on z axis far away from the helix, the distance between
the helix starting point and the observation point is r.
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FIG. 5. Results of the numerical solution of the integral (9) for
ω0R
c
= 2, when the exciting extremely-short pulses propagate
along the helix (a): in the clockwise direction; (b): in the
anticlockwise direction.
clockwise or anticlockwise as viewed from the observation
point - these factors can contribute either jointly or con-
trarily to the generated unipolar pulse parametes. Math-
ematical expression determining the pulse shape has the
form:
E(t) = E0
1∑
k=0
2piS∫
0
sin
[
ω0gϕ
]
Θ
[
gϕ
]
dϕ. (9)
5Here, gϕ ≡ t∓
ϕ
V
√
R2 + ( δ2pi )
2− 1
c
(r− δϕ2pi )− (k− 1)Tp, S
- number of helix coils. The first delay term in gϕ stands
for the emission onset delay and its sign is determined
by the direction of helix traversal, while the second delay
term denotes the emission arrival variation to the obser-
vation point, arising from the helix extension along the
Oz axis.
The results of numerical calculation of the integral (9)
for different values of δ and V are plotted in Fig. 5 with
S = 1 and for different directions of helix traversal. It
stands to mention, that dependence gϕ(ϕ) is linear, thus
leading to the rectangular pulse shape according to the
findings of the previous section, but with the complex ag-
gregate multiplying coefficient δ2pic∓
1
V
√
R2 + ( δ2pi )
2, that
actually sets the duration and amplitude of the emitted
unipolar pulse. In the case of the clockwise traversal di-
rection (sign ”− ” in (9)), if V > c, this coefficient grows
monotonically with the helix pitch distance δ, but when
V < c, this coefficient reaches maximum value, corre-
sponding to the minimal unipolar pulse duration, for:
δm =
2piR√
( c
V
)2 − 1
. (10)
The latter case is illustrated by Fig. 5a, with the short-
est pulse for the helix pitch distance close to given by
(10). For the anticlockwise traversal direction (sign ”+”
in (9)), the coefficient at ϕ appears to be monotonically
increasing function of the helix pitch distance δ for the
fixed excitation velocity V , what enables to get unipo-
lar pulses much longer than from the planar circle (see
Fig. 5b).
Similarly to the circular case the pulse amplitude is
given by (see Eqs. (14), (17) in Appendix):
A =
2E0
ω0|
1
V
√
R2 + ( δ2pi )
2 ∓ δ2pic |
. (11)
As the duration of the rectangular unipolar pulse in-
creases with the proper changing of δ and V , its ampli-
tude correspondingly decreases, thus keeping the whole
pulse area constant. The total pulse duration can be,
however, effectively controlled by the number of helix
coils enabling to get arbitrarily long pulses. Leading and
trailing edges of the pulse are determined by the two
halves of the sinusoidal signal in Fig. 1b (see exact Eqs.
(13), (15) in Appendix). It is interesting to note that
if the system is excited by the even number of pulses,
generation of trapezoidal pulses becomes possible.
V. CONCLUSIONS
In conclusion, we studied the features of the optical
emission of a Raman-active medium placed uniformly
along a circle or helix and excited by a sequence of two
few-cycle optical pulses. Theoretical model of RAM com-
posed of high frequency oscillator (electron oscillator)
and low frequency (nucleus) oscillator was applied to
cover the main aspects of the RAM excitation response.
Our theoretical analysis and numerical simulations re-
vealed the possibility of unipolar pulse generation of ap-
proximately rectangular form. The geometry considered
here allows to get over the limitations imposed by the
linear one, discussed earlier in [47], and provides more
efficient control of the emitted pulse parameters. In par-
ticular, the method allows to obtain unipolar pulses of an
arbitrarily large duration governed by the total number
of rotations of the excitation spots along the string. The
lower pulse duration limit is determined by one half of the
natural period of the low frequency oscillators of RAM.
These unipolar pulses may be of interest in the develop-
ment of optical switches and logic elements alternative to
switches which use bistability and multistability [61, 62].
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VI. APPENDIX. ANALYTICAL SOLUTION OF
THE EQUATION (6)
We provide here the exact solution of the integral
Eq. (6) setting Np = 2, N = 1. To treat Eq. (6) analyti-
cally, Heaviside step functions Θ
[
fϕ
]
under the integral
sign should be carefully expanded. Since the function
argument fϕ depends on both time t and polar angle
ϕ, resulting integral will have varying form on different
stages of the excitation process.
During the initial time interval r
c
< t < r
c
+ Tp, when
the first pulse has started exciting the medium, while the
second pulse still hasn’t, denoting t′′ ≡ t − r
c
, 1
W
≡ R
V
,
one obtains:
E(t) = E0
∫ Wt′′
0
sin[ω0(t
′′ −
ϕ
W
)]dϕ = (12)
= E0
W
ω0
(1 − cos[ω0t
′′]).
The field amplitude grows from zero value at t” = 0 to
the maximum value 2E0W
ω0
at t” = Tp. During the next
stage r
c
+ Tp < t <
r
c
+ 2piR
V
the medium is excited by
both pulses and Eq. (6) yields:
6E(t) = E0(
∫ Wt′′
0
sin[ω0(t
′′ −
ϕ
W
)]dϕ+
+
∫ W (t′′−Tp)
0
sin[ω0(t
′′ −
ϕ
W
− Tp)]dϕ) =
= E0
W
ω0
(2− cos[ω0t
′′]− cos[ω0(t
′′ − Tp)]). (13)
It is seen, that since Tp = T0/2 the previous expression
can be simplified and equal to constant, which determines
the peak value A of the rectangular pulse:
A =
2E0W
ω0
. (14)
When the first pulse has passed through the medium,
but the second one still hasn’t: r
c
+ 2piR
V
< t < r
c
+ 2piR
V
+
Tp, one gets:
E(t) = E0(
∫ 2pi
0
sin[ω0(t
′′ −
ϕ
W
)]dϕ+
+
∫ W (t′′−Tp)
0
sin[ω0(t
′′ −
ϕ
W
− Tp)]dϕ) =
= E0
W
ω0
(cos[ω0(t
′′ −
2pi
W
)]− cos[ω0t
′′] +
+1− cos[ω0(t
′′ − Tp)]) =
= E0
W
ω0
(1 + cos[ω0(t
′′ −
2pi
W
)]). (15)
The field amplitude now decreases from the maximum
value 2E0W
ω0
at t” = 2piR
V
to zero value at t” = 2piR
V
+ Tp.
Finally, if t > r
c
+ 2piR
V
+ Tp, after the end of the tran-
sient processes expression for the electric field has the
form :
E(t) = E0(
∫ 2pi
0
sin[ω0(t
′′ −
ϕ
W
)]dϕ +
+
∫ 2pi
0
sin[ω0(t
′′ −
ϕ
W
− Tp)]dϕ) =
= E0
W
ω0
(cos[ω0(t
′′ −
2pi
W
)]− cos[ω0t
′′] +
+ cos[ω0(t
′′ −
2pi
W
− Tp)]− cos[ω0(t
′′ − Tp)]). (16)
Note, that if Tp = T0/2 this expression gives zero value
of the electric field E(t) = 0.
When the helix is considered instead of the circle, de-
scribed by (9), all the obtained expressions (13)–(16) stay
valid, if we substitute 1/W with:
1
W
=
∣∣∣∣∣
1
V
√
R2 + (
δ
2pi
)2 ∓
δ
2pic
∣∣∣∣∣ . (17)
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